The temperature-dependent direct current ͑dc͒ characteristics and radio frequency performance of an InGaP/GaAs heterojunction bipolar transistor with the composite passivations on base surface are studied and demonstrated. For comparison, the characteristics of other samples with different treatments on the base surfaces are also included in this work. The device with composite passivations, i.e., the ledge structure and sulfur treatment, shows the best performance and related thermal stabilities on dc current gain ␤ F , base surface recombination current density J SR , and base current ideality factor n B . Experimentally, the device with composite passivations can be operated in the extremely low collector current ͑I C ഛ 10 −9 A͒ regime with a useful current gain ͑␤ F Ͼ 10͒. Moreover, this device exhibits improved microwave characteristics and hence is promising for low-power electronic and communication applications. Silicon-based homojunction bipolar transistors are unattractive devices in applications to microwave power amplifiers and highspeed optical communication circuits due to their poor carrier mobility, linearity, current handing capability, and radio frequency ͑rf͒ performance. For heterojunction bipolar transistors ͑HBTs͒, due to the existence of valence band discontinuity ⌬E V , the heavily doped base can be utilized while maintaining the relatively high emitter injection efficiency.
Silicon-based homojunction bipolar transistors are unattractive devices in applications to microwave power amplifiers and highspeed optical communication circuits due to their poor carrier mobility, linearity, current handing capability, and radio frequency ͑rf͒ performance. For heterojunction bipolar transistors ͑HBTs͒, due to the existence of valence band discontinuity ⌬E V , the heavily doped base can be utilized while maintaining the relatively high emitter injection efficiency. [1] [2] [3] [4] [5] The high base doping concentration allows the use of a very thin base thickness without increasing the base resistance. Thus, the base transit time can be reduced and the high output resistance associated with high early voltage provides good linearity characteristics. [1] [2] [3] [4] [5] However, the midgap pinning of the Fermi level produced by native surface oxide and nonradiative recombination centers are known to deteriorate the performance and reliability of minority carrier devices such as HBTs. [6] [7] [8] [9] [10] Emitter-up HBTs fabricated with typical mesa etching techniques have an exposed extrinsic base surface, where many of the minority carriers injected from the emitter recombine with the majority carriers of the base. [6] [7] [8] [9] [10] This strongly impedes the dc current gain and increases the device base current. In order to resolve such issue, a number of approaches were reported to decrease the surface state density and recombination current by using ͑i͒ emitter ledge structure, 6 ,7 ͑ii͒ chemical surface passivation, [8] [9] [10] or ͑iii͒ hydrogen plasma treatment. 11 Previously, Hong et al. demonstrated that the formation of a Ga 2 O 3 passivation film on a GaAs surface presents a low interface recombination velocity and a low interface state density. 12, 13 Although the chemical surface passivation is a well-known process, its poor reliability has become the most important issue in practical applications. By using the emitter ledge structure, the extra length of the ledge increases the base-collector junction area, which substantially increases the noise figure and the intrinsic base resistance, thereby strongly degrading the device performance.
14 Furthermore, the hydrogen plasma treatment on the exposed base may produce undesired plasma-induced damage to the device.
In this work, a composite-passivated method, including the ledge structure and sulfur ͓͑NH 4 ͒ 2 S x ͔ treatment, is used to process the base surfaces of InGaP/GaAs HBTs. The sulfur passivation achieves a significant reduction in extrinsic states near the middle of the forbidden energy gap. Most of dangling bonds are terminated by sulfur atoms after sulfur treatment, and then the surface of the sample is almost free of native oxide. 9, 10, 15 As a result of the sulfur treatment, the relatively smaller specific contact resistance and sheet resistance could be attained. 9 The depleted emitter ledge can suppress a significant portion of electrons diffusing laterally from the emitter to the exposed base surface. 6, 7 Furthermore, based on the InGaP emitter ledge passivation on the extrinsic surface, the considerable improvement of reliability can be obtained. 16 Therefore, the properties of reliability, noise figure, and intrinsic base resistance are expected to be improved by using the composite-passivated method. In addition, due to the further reduction of native surface oxide and nonradiative recombination centers, the composite-passivated device is also expected to exhibit improved dc and microwave characteristics.
Experimental
The studied HBT structure was grown by a low-pressure metallorganic chemical vapor deposition ͑LP-MOCVD͒ system on ͑100͒-oriented semi-insulating ͑S.I.͒ GaAs substrates. The epitaxial structure, as depicted in Fig. 1 Fig. 1 , are included in this work. For device A, conventional HBT processes including photolithography, vacuum evaporation, and chemical wet selective etching were used to fabricate the mesa-type devices without any surface passivation. For device B, the sulfur ͓͑NH 4 ͒ 2 S x ͔ solution was used to form the surface passivation after the exposure of base layer. For device C, the surface passivation was first produced by the emitter ledge structure after emitter mesa etch. Then, the sample was dipped with ͑NH 4 ͒ 2 S solution ͑i.e., surface treatment͒ before the base metallization. The emitter, base, and collector areas were defined by emitter, base, and collector mesa etch, respectively. The etching solutions of H 3 PO 4 :H 2 O 2 :H 2 O = 6:3:100 and H 3 PO 4 :HCl = 1:1 were used to etch the GaAs ͑InGaAs͒ and In 0.49 Ga 0.51 P layers, respectively. For device C, the width and height of depleted In 0.49 Ga 0.51 P ledge were 1 and 0.04 m, respectively, and the space between base contact and depleted In 0.49 Ga 0.51 P ledge was 3 m. The sulfur treatment was carried out by a ͑NH 4 ͒ 2 S x solution for 12 min at room temperature. The fixed ͑NH 4 ͒ 2 S x solution contained the total sulfate weight fraction of 5%. After sulfur treatment, the samples were rinsed in acetone solvent and then washed in methanol. Pt/Au was evaporated to form the base ohmic contact, and AuGe/Au ohmic contacts were used for the emitter and collector regions. The temperature-dependent dc current-voltage ͑I-V͒ characteristics were measured by an HP4156A precision semiconductor parameter analyzer combined with a BD-8 probe station and an HT-200 hot chuck system. The microwave performances were measured by an HP8510 network analyzer with the cascade probes.
Results and Discussion
Practically, many system applications require device operation at the temperature above 300 K. For an HBT, the junction temperature could be higher than the ambient temperature due to the self-heating effect. 17 Thus, the detailed characterization of surface recombination current at elevated temperature is important for low-voltage and low-power applications. The temperature dependences of base surface recombination current density J SR and base current ideality factor n B of the studied devices are shown in Fig. 2 . The base-emitter voltage is fixed at V BE = 1 V. The J SR values of all studied devices increase with increasing temperature. From previous report, the surface recombination velocity S 0 can be expressed as
where V th is the average thermal velocity, the capture cross section, and D it the interface trap density. Due to the positive temperature dependence of surface recombination velocity, the increased J SR with increasing temperature can be expected. As temperature is elevated from 298 to 398 K, the J SR values of devices A, B, and C are increased from 4, 0.89, and 0.66 A/cm to 10.6, 3.5, and 2.3 A/cm under the collector current density of J C = 1 A/cm 2 , respectively. Experimentally, the J SR values in the well-passivated devices ͑devices B and C͒ are relatively smaller than those of device A ͑without passivation͒. In addition, the device C has the lowest J SR value which is about one order in magnitude lower than that of device A over the whole measured temperature regime. This indicates that the thermal leakage current and accumulation of hot carriers of the device C can be suppressed by the additional emitter ledge and sulfur passivations on the extrinsic base surface as the device is operated at higher temperature region. 9, 16 Similarly, the device C presents the lowest n B values over the whole measured temperature regime. The larger J SR values of devices A and B are attributed to the accumulation of hot carriers, generated in the spacecharge region ͑SCR͒ and introduced by mesa etching, around the extrinsic surface of the base layer. 16 Therefore, the surface recombination phenomenon ͑n Ͼ 1͒ is indeed suppressed by using composite passivations on the extrinsic base surface.
6-10 Figure 3 shows the base surface recombination current density J SR as a function of collector current density J C . For device A, the J SR has a 2KT-like dependence in the low-current density region ͑J C Ͻ 1 A/cm 2 ͒, and a 1KT-like dependence in the high-current density region ͑J C Ͼ 1 A/cm 2 ͒. At higher current density region, the Fermi level of electrons is no longer flat between the surface and bulk. Therefore, the simple square-root relation between the surface carrier concentration and bulk carrier concentration leads to the break of 2KT-like dependence. 18 For devices B and C, it seems that the 2KT-like behavior of J SR is due to both the lower surface recombination velocity and fewer electrons diffusing laterally from the emitter into the exposed base surface. In addition, the J SR values of device C are lower than those of devices A and B over the measured J C regime. As the base-emitter junction is operated in forward- biased regime, the current crowding around the emitter perimeter may induce the break of sulfur atom bond configurations and enhance the related recombination centers. Experimentally, the thermal leakage current and accumulation of hot carriers of the device C are suppressed by the additional emitter ledge. 16 Therefore, the surface recombination current is nearly eliminated by using composite passivations on the extrinsic base surface. Figure 4 shows the Gummel plots of studied devices at room temperature. The collector-base voltage is kept at V CB = 0 V. Clearly, all collector current I C curves of the studied devices are nearly identical over the whole measured V BE regime. It indicates that all of the devices have almost the same effective emitter area because the emitter ledge of device C is fully depleted. In contrast, the base current I B of device A is substantially larger than that of devices B and C. Furthermore, the device C exhibits the lowest base currents over the measured V BE bias regime. From previous reports, a mixed oxide consisting of As 2 O 3 and Ga 2 O 3 typically forms on GaAs surfaces. 11, 12 The As 2 O 3 is unstable because it reacts with the GaAs via the solid-state reaction as 11, 12 2GaAs + As 2 O 3 → Ga 2 O 3 + 4As ͓2͔
This indicates that the serious Fermi level pinning phenomenon and larger surface recombination current of the device A may be due to the vacancy of As formed at the interface. The effective collector current operating regimes ͑␤ F Ͼ 10͒ are 6, 7, and 7 decades in magnitude for devices A, B, and C, respectively. Note that devices B and C present useful current gains ͑␤ F Ͼ 10͒ even at very low collector current level ͑I C Ͻ 10 −9 A͒. The extrinsic base surface recombination currents ͑I surf1 and I surf2 ͒, extracted by the differences of base currents between the device A and devices B and C, as a function of base-emitter voltage V BE are illustrated in Fig. 5 . The corresponding performance of ideality factor ͑n surf ͒ is also revealed in Fig. 5 . Note that as V BE is increased, the n surf exhibits two distinct trends over the entire V BE range. The minimum n surf of I surf1 ͑I surf2 ͒, at 298 K, is 1.07 ͑1.03͒ at V BE = 1.14 V ͑1.17 V͒. After passing through the valley point, the n surf of I surf1 ͑I surf2 ͒ rapidly increases with the increase of V BE and ultimately moves beyond 2 at V BE Ͼ 1.23 V ͑1.26 V͒. This result is mainly caused by the finite electrode resistances. Under lower V BE regime, the corresponding n surf of I surf1 ͑I surf2 ͒ decreases as the V BE is increased until it reaches the valley point at V BE = 1.14 V ͑1.17 V͒. For convenience, the n surf description at different V BE conditions is tabulated and listed in the inset of Fig. 5 . In addition, both I surf1 and I surf2 exhibit 2KT-like ͑i.e., 1.5 ഛ n ഛ 2͒ dependence at the low bias regime ͑0.78 V ഛ V BE ഛ 0.95 V͒. It proves that the major mechanism of surface recombination is limited by the surface recombination velocity. 19 In contrast, the surface recombination is dominated by the availability of minority carriers for 0.95 V ഛ V BE ഛ 1.17 V, because the 1KT-like I surf ͑i.e., 1 ഛ n ഛ 1.5͒ appears in this biased region. 19 The temperature dependences of dc current gains are illustrated in Fig. 6 . For HBT devices, the dc current gain ␤ F can be expressed as 
͓3͔
where B and E are the base and emitter thicknesses, N B and N E the base and emitter doping concentrations, D P and D n the hole and electron diffusion coefficients, and ⌬E V the valence band discontinuity at E-B heterojunction, respectively. Due to the decrease of ⌬E V with increasing temperature, the dc current gain ␤ F is reduced as the temperature is increased. From the experimental results as shown in Fig. 6 , once the temperature is elevated from 298 to 398 K, the current gains of devices A, B, and C are decreased from 62.4 ͑26.2͒, 82.1 ͑53.2͒, and 86.1 ͑63.2͒ to 43.5 ͑10.4͒, 65.4 ͑21.9͒, and 74.7 ͑37.7͒ at the collector current of I C = 100 ͑1͒ A, respectively. For convenience, these ␤ F values are tabulated and listed in the inset of Fig. 6 . Obviously, the device C shows the highest ␤ F value. In addition, the temperature variation coefficient ͑⌬␤ F /⌬T͒ of device C is lower than that of devices A and B. This is mainly attributed to the insertion of an additional emitter ledge passivation on extrinsic base layer to reduce the thermal leakage current and accumulation of hot carriers as the device is operated at higher temperature region. 16 Hence, the device C exhibits better thermal stability in current gain performances.
For high-frequency performances, the unity current gain cutoff frequency f T and maximal oscillation frequency f max for HBT devices can be generally expressed as
and
in which ec is the total device transit time, C je and C jc the emitterbase and base-collector junction capacitance, R SHB the base sheet resistance, X B the base thickness, D nB the electron diffusion coefficient in the base layer, X dep the depletion thickness in the collector, V sat the electron saturation velocity, R E the total emitter resistance, R C the total collector resistance, W E the emitter width, L E the emitter length, S BE the spacing between the base and collector contact, B the specific contact resistance of the base contact, and W B the base contact width. For microwave characteristics, the f T values of devices, A, B, and C are 39.1, 42.2, and 43.8 GHz, at I C = 13 mA and V CE = 3 V, respectively. The corresponding f max values are 28.6, 33.7, and 36.5 GHz, respectively. The used emitter area is A E = 3 ϫ 20 m 2 . Apparently, the f T and f max of devices B and C are substantially higher than those of device A. From Eq. 4 and 6, the f T is strongly affected by ec . The reduction of surface states and increase of ␤ F significantly reduce the ec . Therefore, the f T values of devices B and C are higher than that of device A. Figure 7 shows the specific contact resistance C and sheet resistance R sh of a p-type GaAs base layer ͑p + = 2 ϫ 10 19 cm −3 ͒ as a function of sulfur treatment time. Experimentally, the C values of this p-type GaAs base layer are 1.4, 1.12, 1.01, and 1.05 ϫ 10 −5 ⍀ cm 2 with the sulfur treatment durations of 0, 10, 12, and 15 min, respectively. The corresponding R sh values are 258.5, 245.2, 240.8, and 243.3 ⍀/ᮀ, respectively. Due to the use of sulfur passivation on the interface between base contact and base layer for devices B and C, most dangling bonds are terminated by sulfur atoms after sulfur treatment. Thus, the interface between base contact and base layer is almost free of native oxide. As a result of the sulfur passivation, the smaller specific contact resistance C and sheet resistance R sh could be obtained. Therefore, the f max values of devices B and C are higher than that of device A. The dependence of f T and f max on the collector current I C are illustrated in Fig. 8 . Clearly, the device with composite passivations ͑device C͒ exhibits higher f T and f max values than devices A and B over the whole measured I C regime. Certainly, this is attributed to the further increase of ␤ F , reduction of specific contact resistances C and sheet resistance R sh by using composite passivations on the base layer. 
Conclusion
The temperature-dependent dc characteristics and rf performance of an InGaP/GaAs HBT with composite passivations on base surface were systematically studied and demonstrated. The characteristics of other samples with different treatments on base surfaces are also included for comparison. In addition, the device with composite passivations ͑device C͒ can be operated under extremely low collector current ͑I C ഛ 10 −9 A͒ regime with useful current gain ͑␤ F Ͼ 10͒. This offers the promise for low-power electronics and communication applications. From the experimental results, it is shown that the device with composite passivations ͑device C͒ reveals the best dc performance and improved thermal stabilities on ␤ F , n B , and J SR . Moreover, based on the reduced surface recombination, specific contact resistance C and sheet resistance R sh , the device with composite passivations ͑device C͒ exhibits considerably improved microwave performance. 
